Ventral striatum activation to prosocial rewards predicts longitudinal declines in adolescent risk taking  by Telzer, Eva H. et al.
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Adolescence  is  a period  of  intensiﬁed  emotions  and  an  increase  in  motivated  behaviors  and
passions. Evidence  from  developmental  neuroscience  suggests  that  this  heightened  emo-
tionality occurs,  in part, due  to a peak  in  functional  reactivity  to  rewarding  stimuli,  which
renders adolescents  more  oriented  toward  reward-seeking  behaviors.  Most  prior  work  has
focused on how  reward  sensitivity  may  create  vulnerabilities,  leading  to  increases  in risk
taking. Here,  we test  whether  heightened  reward  sensitivity  may  potentially  be an  asset
for adolescents  when  engaged  in  prosocial  activities.  Thirty-two  adolescents  were  followedisk taking
MRI
amily
over a one-year  period  to examine  whether  ventral  striatum  activation  to  prosocial  rewards
predicts decreases  in  risk  taking  over a year.  Results  show  that  heightened  ventral  striatum
activation  to  prosocial  stimuli  relates  to longitudinal  declines  in  risk  taking.  Therefore,  the
very same  neural  region  that  has  conferred  vulnerability  for  adolescent  risk taking  may  also
be protective  against  risk  taking.
© 2012 Elsevier Ltd. All rights reserved.Adolescence is a time of heightened reward sensitiv-
ty, an orientation toward excitement and arousal, and the
evelopment of motivated behaviors and passions (Dahl,
004;  Ernst et al., 2009). These emotions can be both
ositive and negative for adolescents’ health, creating vul-
erabilities as well as opportunities to transform these
motions into positive goals (Dahl, 2004). For instance, ado-
escents  may  direct these emotions toward problematic
ctivities, such as drug experimentation, engagement with
eviant  peers, risky sexual behaviors, school truancy, and
eckless  driving. On the other hand, adolescents may  direct
hese  emotions toward positive, goal-directed behav-
ors,  such as after-school sports, religious participation,
∗ Corresponding  author at: Department of Psychology, 603 East Daniel
t., University of Illinois, Champaign, IL 61820, United States.
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ttp://dx.doi.org/10.1016/j.dcn.2012.08.004prosocial behaviors, hobbies, and healthy peer and roman-
tic  relationships.
Several recent models of brain development concur
that neural systems important in detecting motivation-
ally and emotionally relevant cues in the environment
undergo massive remodeling during adolescence (Casey
et  al., 2011; Nelson et al., 2005; Ernst et al., 2009;
Steinberg, 2008). The ventral striatum (VS), a neural region
involved in the evaluation of rewards, shows nonlinear
developmental patterns, peaking in functional reactivity
in  mid-adolescence (Galvan et al., 2006). This heightened
VS reactivity is thought to lead to increased reward seek-
ing  during adolescence (Somerville et al., 2010; Steinberg,
2008). Neurobiological evidence from both rodent and
human  studies indicates that the remodeling of the
VS  around the time of adolescence is associated with
increased sensitivity to rewarding stimuli, such that ado-
lescents  exhibit exaggerated activation in the VS to rewards
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(Andersen et al., 2000; Brenhouse et al., 2008; Douglas et al.,
2004;  Doremus-Fitzwater et al., 2010; Teicher et al., 1995;
Ernst  et al., 2005; Galvan et al., 2006; Van Leijenhorst et al.,
2010).
This  peak in reward sensitivity has largely been sug-
gested to create vulnerabilities, contributing to the high
rate  of problem behaviors during adolescence. Signiﬁcant
work has examined how heightened reward sensitivity
may  underlie adolescent risk taking. For example, Galvan
et  al. (2006) found that adolescents show heightened VS
activation to rewards relative to both children and adults.
Moreover, VS activation to reward anticipation was  associ-
ated  with increased likelihood of engaging in risky behavior
such  as illicit drug use, heavy drinking, and illegal behav-
iors  (Galvan et al., 2007). Together, these results suggest
that  adolescents are more behaviorally and neurobiolog-
ically sensitive to rewarding stimuli, and this sensitivity
is associated with real-life risk taking behaviors. These
studies, among others (e.g., Steinberg, 2010; Chein et al.,
2010;  Van Leijenhorst et al., 2010), support the notion
that heightened reward sensitivity during adolescence
may  contribute to risk taking during this developmental
period.
In contrast, relatively little work has examined how
heightened reward sensitivity can create opportunities
for adolescents. If adolescents direct their emotions and
motivations toward positive, goal-directed behaviors, such
as  prosocial activities, heightened reward sensitivity may
potentially be an asset. Efforts to achieve a goal can acti-
vate  high intensity, rewarding feelings that also engage
the  reward system but may  not lead to bad outcomes
(Dahl, 2004). Therefore, the very same neural regions that
create  vulnerabilities for adolescents may  also be protec-
tive  against risk taking if engaged in a positive way. For
example, neuroimaging research in adults has found that
prosocial behaviors engage the VS even more so than do
personal  rewards, suggesting that helping others is a mean-
ingful  and rewarding experience (Harbaugh et al., 2007;
Izuma et al., 2009; Moll et al., 2006). This heightened
reward sensitivity to others’ gains may  be one way that VS
activation  could be positive and lead to healthy outcomes
in  adolescence.
Helping the family is a salient and frequent type of
prosocial behavior among adolescents, often occurring on
a  daily basis. For instance, 98% of adolescents from diverse
cultural and economic backgrounds report helping their
family  on a weekly basis (Telzer and Fuligni, 2009). Fam-
ilies  from Latin American backgrounds place particular
emphasis on the importance of high family unity, fam-
ily  social support, and interdependence for daily activities
(Cuellar et al., 1995). Because of these cultural values,
adolescents from Mexican backgrounds are often moti-
vated  to help their family, spending more than twice
as  much time helping their family each day than their
peers from European backgrounds (Telzer and Fuligni,
2009).
Participating in a daily routine, such as family assis-
tance, that is meaningful with respect to group goals and
values  builds conﬁdence and leads to enhanced well being
(Weisner et al., 2005). Indeed, we have found that ado-
lescents who assist their family and feel that they aretive Neuroscience 3 (2013) 45– 52
fulﬁlling important roles within their family, such as that
of  a good family member, have better physical and psycho-
logical well being (Fuligni et al., 2009; Telzer and Fuligni,
2009). Moreover, at the neural level, decisions to help
the  family engage brain regions involved in reward pro-
cessing. For example, when making personal sacriﬁces for
one’s  family, adolescents who  report a greater sense of
meaning and fulﬁllment from helping their family show
greater activation in the ventral striatum (Telzer et al.,
2010). Thus, family relationships that are personally mean-
ingful  provide adolescents with a sense of reward, and this
reward  may  be protective and lead to positive, healthy out-
comes.
The  increase in intense motivations and passions in
adolescence can be channeled into a range of behav-
iors (Dahl, 2004). On the one hand, if directed toward
problematic activities, such as drug experimentation and
engagement with deviant peers, this heightened reward
sensitivity may  be a vulnerability. On the other hand,
if  directed toward meaningful activities, such as provid-
ing  assistance to one’s family, this heightened reward
sensitivity may  be a source of protection, reducing sus-
ceptibility to risky behavior. In the current study, our ﬁrst
goal  was  to examine how neural activation to prosocial
rewards relates to adolescent risk taking behavior. Ado-
lescents were followed over a one-year period to examine
whether VS activation to prosocial rewards predicted lon-
gitudinal  declines in risk taking behavior over the following
year.
Our  second goal was  to examine whether neural acti-
vation to prosocial rewards predicts longitudinal changes
in  risk taking behavior above and beyond adolescents’
self-reports of their likelihood of engaging in risky behav-
ior  over the next year. Although self-reported intentions
predict some variability in future risk-taking behavior
(Wolford and Swisher, 1986), evidence also suggests that
self-reports are not sufﬁcient to capture the multidimen-
sional nature of risk taking (Aklin et al., 2005). Perhaps this
is  because adolescents may  lack the insight or cognitive
ability to provide an accurate report of their own intentions
(Aklin et al., 2005). Thus, implicit processes may  explain
variability in behavior change that is not explained by self-
reported  measures such as attitudes and intentions (Falk
et  al., 2010).
Finally, we  examined whether neural activation to
prosocial rewards predicts changes in risk taking behav-
ior  above and beyond adolescents’ self-reported values to
assist  their family. Prior research suggests that having a
strong  sense of family obligation is associated with lower
rates  of risk taking (German et al., 2009; Gil et al., 2000;
Kaplan et al., 2001; Romero and Ruiz, 2007; Unger et al.,
2002;  Vega et al., 1993). Therefore, in the current study,
we  measured neural activation to prosocial rewards as
well  as adolescents’ intentions to engage in risky behav-
ior  in the following year, and their family obligation values
to  examine whether VS activation predicts longitudinal
changes in risk taking above and beyond adolescents’ self-
reports.  Examining neural activity in conjunction with
self-reported intentions and values will help us to gain a
deeper  understanding of brain–behavior relationships over
time.
al Cognitive Neuroscience 3 (2013) 45– 52 47
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. Methods
.1. Participants
At  the ﬁrst time point, forty-eight adolescents from
exican-American backgrounds participated in an fMRI
can  during which they completed a family contribution
ask. Participants completed self-report measures of their
isk  taking behaviors, the likelihood of engaging in risky
ehaviors in the next year, and their family obligation val-
es  (see below). Of the 48 participants who were scanned,
 were excluded due to incomplete data (i.e., did not
ccept enough trials during the fMRI task for statistical
nalysis (N = 7); did not complete the self report meas-
res (N = 1)). Approximately one year following the scan
M  = 10.08 months, SD = 1.07), participants completed the
elf-report measure of their risky behaviors again. Our ﬁnal
ample  consisted of 32 participants who provided self-
eport  ratings again at Time 2.
At Time 1, participants were in the 10th or 11th grades
nd ranged in age from 15 to 17 years (Mage = 16.3; 14
ales, 18 females). At Time 2, participants were in the
1th  or 12th grades and ranged in age from 16 to 18
Mage = 17.1). All but one participant spoke and read English
uently. For the Spanish-speaking participant, all tasks
nd  questionnaire measures were described and admin-
stered in Spanish. Participants completed written consent
nd  assent in accordance with UCLA’s Institutional Review
oard.
.2.  Questionnaire measures
.2.1.  Risky behavior
Risky  behavior was assessed with the Rule-Breaking
ubscale of the Youth Self-Report form of the Child Behavior
hecklist (Achenbach, 1991). At both time points, adoles-
ents  rated 111 items on a 3-point scale (0 = not true of me,
 = somewhat or sometimes true of me,  2 = true or often
rue  of me). The Rule-Breaking subscale includes 16 items
hat  capture a range of risky behaviors, such as associating
ith deviant peers, lying, stealing, drinking alcohol without
arental approval, using drugs, and skipping school.
Participants’ scores at Time 1 reﬂect their concurrent
isky behavior at the time of the fMRI scan. Scores at Time
,  after controlling for Time 1, reﬂect changes (increases
r decreases) in participants’ risky behavior during the one
ear  following the scan. To control for scores at Time 1,
esidualized scores for Time 2 were calculated, whereby the
roup-level  variance in Time 2 scores that was explained
y Time 1 scores was removed.
.2.2.  Risky behavior likelihood
At  Time 1, adolescents completed the Cognitive
ppraisal of Risky Events (CARE) Questionnaire (Fromme
t  al., 1997). Participants answered 30 questions on a 7-
oint  scale (1 = not at all likely to 7 = extremely likely)
ndicating the likelihood that they will engage in risky
ehaviors in the next year. The CARE asks about risky
ehavior in the following domains: illicit drug use (e.g.,
moking marijuana), aggressive and illegal behaviors (e.g.,
riving  after drinking alcohol, making a scene in public),Fig. 1. Family assistance task.
risky sexual behaviors (e.g., sex without protection against
pregnancy or sexually transmitted diseases), heavy drink-
ing  (e.g., drinking alcohol too quickly), academic/work
behaviors (e.g., missing class or work), and high risk sports
(e.g.,  rock or mountain climbing). An index of risky behavior
likelihood was calculated for each participant by taking the
mean  of all items except those regarding high risk sports,
as  these behaviors are not represented in the CBCL.
1.2.3. Family obligation values
At Time 1, adolescents completed 12 items that assessed
their values regarding providing assistance to their family
(Fuligni  et al., 1999). Using a 5-point scale (1 = almost never
to  5 = almost always) adolescents indicated how often they
felt  they should assist with household tasks and spend time
with  their family, such as “help take care of your brothers
and sisters,” “eat meals with your family,” and “spend time
with  your family on weekends.”
1.3.  fMRI paradigm
We  created a family assistance task modeled after the
work  of Moll et al. (2006) on charitable giving. Prior to the
scan,  participants were trained on the task. Participants
could earn money for themselves and their families by res-
ponding  to a series of ﬁnancial offers. Using a handheld
buttonbox, participants accepted or rejected offers that
varied  in terms of whether they represented gains or losses
for  the participants and their families (see Fig. 1). Speciﬁ-
cally, there were 4 types of offers that were presented to
participants: (1) Noncostly-Rewards, in which participants
earned money without a cost to the family (e.g., YOU +$3.00
FAM  −$0.00); (2) Noncostly-Donations, in which the family
earned  money without a cost to the participant (e.g., YOU
−$0.00  FAM +$3.00); (3) Costly-Rewards, in which the par-
ticipant  earned money at a cost to the family (e.g., YOU
+$3.00 FAM −$1.00); and (4) Costly-Donations, in which
the  family earned money at a cost to the participant (e.g.,
YOU  −$1.00 FAM +$3.00). The ﬁnancial values of the offers
al Cogni48 E.H.  Telzer et al. / Development
ranged from −$3.00 to +$7.00 to reduce heuristic respon-
ding and fatigue (Andreoni and Miller, 2002; Harbaugh
et al., 2007). The costly trials varied in terms of the ratio
of  the amount of gain to the amount of loss in order to vary
the  difﬁculty of the decisions and obtain a wider range of
individual differences in responses. The gain, however, was
always  greater than the loss.
Participants completed 56 unique payment trials, each
presented once per run, totaling 112 payment trials. The
Costly-Donation trials were presented 40 times total, and
the  other conditions were presented 24 times total. In addi-
tion  there were 24 trials to control for the visual and motor
aspects of the task, in which YOU and FAM were presented
without a ﬁnancial gain or loss. For these control trials,
participants were instructed to press either button, and it
would  not affect their payments. Trial order was random-
ized  for each participant. Each payment offer was presented
for  3 s, followed by a ﬁxation for an inter-trial period that
was  jittered lasting 3 s on average (range = .5–8 s). Partic-
ipants were not shown the running total of their own or
their  family’s earnings. At the end of the task, participants
and their family were paid their earnings in cash. Partici-
pants who accepted fewer than 7 trials for any condition
were excluded from the analyses (N = 7).
In the current study, we focused on the contrast
between the Costly-Donation and Noncostly-Reward tri-
als.  Doing so allowed us to focus on neural activation when
making  a donation to the family that involves self-sacriﬁce,
a  behavior that most closely approximates prosocial behav-
ior  and generosity. Costly-Donation trials were contrasted
to  pure cash gains for oneself, which have been shown
to  be a hedonistically rewarding experience that is asso-
ciated  with activation in the mesolimbic reward system
(Moll et al., 2006).
1.4.  fMRI data acquisition and analysis
1.4.1. fMRI data acquisition
Imaging  data were collected using a 3 T Siemens Trio
MRI  scanner. The task was presented on a computer
screen, which was projected through scanner-compatible
goggles. The Family Contribution task consisted of
342  functional T2*-weighted echoplanar images (EPI)
[slice  thickness, 4 mm;  34 slices; TR = 2 s; TE = 30 ms;
ﬂip angle = 90◦; matrix = 64 × 64; FOV = 200 mm;  voxel
size 3 mm  × 3 mm × 4 mm].  A T2*weighted, matched-
bandwidth (MBW), high-resolution, anatomical scan and
magnetization-prepared rapid-acquisition gradient echo
(MPRAGE)  scan were acquired for registration purposes
(TR: 2.3; TE: 2.1; FOV: 256; matrix: 192 × 192; sagittal
plane; slice thickness: 1 mm;  160 slices). The orientation
for the MBW  and EPI scans was oblique axial to maximize
brain coverage.
1.4.2.  fMRI data preprocessing and analysis
Neuroimaging data were preprocessed and analyzed
using Statistical Parametric Mapping (SPM8; Wellcome
Department of Cognitive Neurology, Institute of Neurol-
ogy,  London, UK). Preprocessing for each participant’s
images included slice-timing to adjust for temporal differ-
ences  in slice acquisition within each volume and spatialtive Neuroscience 3 (2013) 45– 52
realignment to correct for head motion (no participant
exceeded 2 mm of maximum image-to-image motion in
any  direction). The realigned and slice-timing-corrected
functional data were coregistered to the high resolution
MPRAGE, which was then segmented into cerebrospinal
ﬂuid, gray matter, and white matter. The normalization
transformation matrix from the segmentation step was
then  applied to the functional and structural images, thus
transforming them into standard stereotactic space as
deﬁned  by the Montreal Neurological Institute and the
International Consortium for Brain Mapping. The nor-
malized functional data were smoothed using an 8 mm
Gaussian kernel, full width at half maximum, to increase
the  signal-to-noise ratio.
Whole brain statistical analyses were performed using
the  general linear model in SPM8. Each trial was convolved
with the canonical hemodynamic response function. High-
pass  temporal ﬁltering with a cutoff of 128 s was  applied to
remove  low-frequency drift in the time series. Serial auto-
correlations were estimated with a restricted maximum
likelihood algorithm with an autoregressive model order of
1.  The task was modeled as an event-related design. Linear
contrasts comparing Costly-Donations (CD) to Noncostly-
Rewards (NCR) were calculated for each participant. Events
were  modeled with a 3 s duration beginning with the
appearance of the payment screen.
The individual subject contrasts were submitted to
random-effects, group-level analyses. The following analy-
ses  were run at each voxel across the entire brain volume:
(1)  regression analyses examining how neural activation
during costly contributions (CD > NCR) relates to concur-
rent  risky behaviors at Time 1; (2) regression analyses
examining how neural activation during costly contrib-
utions (CD > NCR) is associated with longitudinal changes in
risky  behaviors at Time 2, controlling for Time 1 scores, and
(3)  regression analyses examining how neural activation
during costly contributions (CD > NCR) is associated with
longitudinal changes in risky behaviors at Time 2, control-
ling  for Time 1 scores, Time 1 risky behavior likelihood,
and family obligation values. This ﬁnal analysis examines
whether neural activation to family contributions predicts
changes in risky behavior over the next year, above and
beyond the effects of adolescents’ self-reported intentions
of  engaging in risky behavior over the next year and their
family  obligation values.
To  correct for multiple comparisons, we conducted a
Monte  Carlo simulation implemented using 3dClustSim
in the software package AFNI (Ward, 2000). Results of
3dClustSim indicated a voxel-wise threshold of p < .005
combined with a minimum cluster size of 35 voxels for the
whole  brain, corresponding to p < .05, false discovery rate
(FDR)  corrected.
2.  Results
2.1. Behavioral resultsWe  did not ﬁnd evidence of normative changes in risk
taking behavior from Time 1 (M = 5.53, SD = 3.42) to Time
2  (M = 5.69, SD = 3.89), t(31)=.28, ns. Risky behaviors at
Time  1 were moderately correlated with risky behaviors at
al Cogni
T
i
i
s
−
i
w
p
T
i
r
f
l
n
b
n
S
S
p
a
o
t
m
S
t
(
e
i
p
i
i
w
2
N
t
v
i
f
f
v
r
r
r
a
v
l
s
r
a
i
a
(
c
e
iE.H. Telzer et al. / Development
ime 2, r(31)=.64, p < .001. However, there was variability
n  this association, such that some adolescents’ risk tak-
ng  declined whereas others’ increased. The residualized
cores for Time 2 risk taking show values that range from
5.12  (decline in risk taking) to 6.94 (increase in risk tak-
ng).  Risky behavior likelihood (measured using the CARE)
as  correlated with risky behaviors at Time 1 (r(31)=.61,
 < .001) and risky behaviors at Time 2 (r(31)=.54, p < .005).
hus,  adolescents who report a greater likelihood of engag-
ng  in risk taking are more likely to report higher levels of
isk  taking concurrently and one year later. Adolescents’
amily obligation values were marginally associated with
ower  risk taking at Time 2 (r(31) = −.34, p = .058), but were
ot  associated with risk taking at Time 1 or with risky
ehavior likelihood.
On  the family assistance task, participants accepted sig-
iﬁcantly more Noncostly-Rewards (M = 97.13% of offers,
D  = 4.90) than Costly-Donations (M = 61.88% of offers,
D  = 23.14), t(31) = 8.40, p < .001, suggesting that partici-
ants were sensitive to the different conditions. These
cceptance rates are similar to those found among
lder adolescents with a modiﬁed version of the same
ask  (Telzer et al., 2010). Participants took longer to
ake decisions to accept Costly-Donations (Mrt  = 1.49 s,
D  = .39) than Noncostly-Rewards (Mrt  = 1.18 s, SD = .25),
(31)  = 5.81, p < .001. On average across all trials in the task
i.e.,  112 payment trials for all 4 conditions), participants
arned $131.59 for themselves and $162.47 for their fam-
ly,  which represents 66.1% and 58.4% of the total earning
ossible, respectively. Self reported values and behaviors,
ncluding risky behavior at Time 1 and Time 2, risky behav-
or  likelihood, and adolescents’ family obligation values,
ere  not related to adolescents’ behavior on the task.
.2.  fMRI results
Our  ﬁrst analyses examined the main effects of CD and
CR  trials. Whole-brain analyses comparing each condition
o  control trials show that both CD and NCR trials acti-
ate  the VS (see Table 1). Signiﬁcant differences emerged
n  the dACC, ventral midbrain, anterior insula, and cuneus
or  CD > NCR, and in the inferior insula and fusiform gyrus
or  NCR > CD.
Next, we examined whether variability in neural acti-
ation during costly contributions to the family (CD > NCR)
elates  to concurrent risky behaviors at Time 1. Time 1
isky  behaviors were entered as a regressor in whole brain
egression analyses. No brain regions were signiﬁcantly
ssociated with Time 1 risky behaviors.
Next we examined whether variability in neural acti-
ation during costly contributions to the family relates to
ongitudinal changes in risky behaviors. The residualized
cores for Time 2 risky behavior, controlling for Time 1
isky  behavior, were entered in whole brain regression
nalyses. Results indicate that increased BOLD response
n  the ventral striatum during CD > NCR was signiﬁcantly
ssociated with longitudinal decreases in risky behaviors
see Fig. 2). No other brain regions were associated with
hanges in risk taking to CD > NCR. Next, we examined
ach of the conditions separately (CD and NCR) versus the
mplicit  baseline to determine whether either contrast wastive Neuroscience 3 (2013) 45– 52 49
driving  the effect. Changes in risk taking behavior were
not  associated with neural activation during CD or NCR
trials,  suggesting that it is the relative difference between
the  two  contrasts that is associated with risk taking
behavior. In other words, the extent to which adolescents
show heightened activation in the VS to family donations
compared to personal gains predicts changes in risk taking.
Finally,  we entered Time 1 risk behavior likelihood
and family obligation values as covariates in whole brain
regression analyses to examine whether ventral striatum
activation to family contributions predicts declines in ado-
lescents’  risk taking above and beyond their own  intentions
and  values. Results show that the ventral striatum con-
tinues to predict decreases in risk taking over time (x,
y,  z = −9, 14, −5, t(29) = 4.33, p < .005, corrected, 65 con-
tiguous voxels). When examining each of the covariates,
results show that adolescents with higher family obliga-
tion  values show heightened activation in the bilateral VS
when  contributing to their family (right VS: x, y, z = 21,
17,  −2, t(28) = 4.42, p < .005, 58 contiguous voxels; left VS:
x,  y, z = −15, −1, −2, t(28) = 4.52, p < .005, 125 contiguous
voxels). In other words, adolescents who  reported valuing
helping their family more showed greater reward-related
activation when providing contributions to their family
during the fMRI task. Risk taking likelihood was not asso-
ciated  with neural activation to family contributions.
3. Discussion
Adolescence is a period of intensiﬁed emotions and an
increase in motivated behaviors and passions (Dahl, 2004).
Evidence from developmental neuroscience suggests that
this  heightened emotionality occurs because of changes
in  the brain’s neural circuitry. A peak in functional reac-
tivity  in the ventral striatum to emotionally relevant and
rewarding stimuli around the time of puberty renders ado-
lescents  more oriented toward reward-seeking behaviors
(Casey et al., 2011; Steinberg, 2008). This orientation to
reward  can be directed toward adaptive, positive behav-
iors  such as prosocial behaviors, or toward maladaptive,
health compromising behaviors, such as sensation seeking
and  risk taking. Most prior work has focused on how these
neural  changes may create vulnerabilities for adolescents,
leading to increases in risk taking during this developmen-
tal period. In the current study, we  show that heightened
reward sensitivity in the context of meaningful, prosocial
behaviors relates to longitudinal declines in adolescent risk
taking.  Therefore, the very same neural regions that have
conferred vulnerability for adolescent risk taking may  also
be  protective for this same behavior.
Our ﬁndings suggest that VS activation may  represent
an individual difference in the importance and rewarding
nature of family assistance. The more reward individ-
uals gain from providing assistance to their family the
more  their risk taking behaviors decrease over the high
school years. Although our data do not speak to the direct
mechanisms by which this reward sensitivity is protec-
tive, it is possible that adolescents who attain more reward
from  prosocial behaviors ﬁnd risk taking contexts to be
comparatively less rewarding. Indeed, it was only for
the  contrast comparing CD to NCR trials that we  found
50 E.H.  Telzer et al. / Developmental Cognitive Neuroscience 3 (2013) 45– 52
Table  1
Neural regions activated during Costly Donation and Noncostly Reward trials.
Contrast Anatomical region x y z t k
CD > control R  VS 9 14 1 4.15 181a
R DS 9 14 7 5.49 181a
L VS −12 20 −2 4.16 75
dACC 6 38 25 6.38 223
R  anterior insula 36 20 −2 6.54 35
L  anterior insula −30 20 −2 6.37 68
Ventral  midbrain 3 −19 −14 4.27 214
Cuneus  −3 −85 −5 12.72 2814
L  precentral gyrus −42 5 31 4.29 82
NCR > control R  VS 15 20 1 4.75 170b
R DS 3 11 10 5.90 170b
L VS −12 17 1 3.32 99
dACC  6 41 19 6.61 179
Cuneus −6  −85 −5 15.71 3220
CD  > NCR dACC  12 26 28 5.02 204
Ventral  midbrain 6 −16 −8 4.16 101
L  anterior insula −30 17 7 4.14 173
Cuneus 24 −73  −5 6.45 610
NCR > CD R  inferior insula 39 −4 −2 4.38 173
L  inferior insula −39 −7 −2 3.77 90
L  Fusiform gyrus −30 −40 −11 3.54 52
Note: CD > control refers to the contrast comparing Costly Donations trials to the control trials. NCR > control refers to the contrast comparing Noncostly
Reward  trials to the control trials. L and R refer to left and right hemispheres; x, y, and z refer to MNI  coordinates; t refers to the t-score at those coordinates
er. Anat
 < .05 co
ACC, dor(local  maxima); k refers to the number of voxels in each signiﬁcant clust
superscript  letter. All regions are listed at cluster-forming threshold of p
for  the speciﬁc brain regions: VS, ventral striatum; DS, dorsal striatum; d
evidence for declines in risky behavior; this association was
not  observed for CD or NCR trials alone. Therefore, adoles-
cents  who show the greatest difference in the VS to family
contributions relative to personal rewards exhibit declines
in  risk taking over time. Behavioral work has shown that
adolescents who are more prosocial and altruistic and who
have  more prosocial peers are less likely to engage in risky
behaviors (Oman et al., 2004; Machin and Sankey, 2008).
Perhaps youth who attain greater reward from helping oth-
ers  ﬁnd risk taking to be inconsistent with their values
and therefore not a rewarding experience. Future studies
should examine whether heightened reward activation in
the  context of positive behaviors (e.g., prosocial behaviors)
relates to decreased reward activation in the context of
negative  behaviors (e.g., risk taking). If this were the case,
it  would suggest that redirecting adolescents’ emotions
Fig. 2. Ventral striatum activation when making ﬁnancial sacriﬁces to the family
y,  z = −6, 14, −5, t(31)=3.71, p < .005, corrected, 109 contiguous voxels. For the sca
individual  from the entire, group-level cluster of activation.omical regions that share functional clusters are denoted with the same
rrected for multiple comparison. The following abbreviations were used
sal anterior cingulate cortex.
toward meaningful activities, such as providing assistance
to  one’s family, could greatly reduce susceptibility to risky
behavior.
Our  ﬁndings are consistent with other developmental
neuroimaging research that shows that heightened ventral
striatum activation can be adaptive. For example, in a lon-
gitudinal study examining changes in neural responses to
emotional  facial expressions, Pfeifer et al. (2011) found that
increases  in VS activation were associated with decreases
in  risky behavior, suggesting that the VS may  also be
involved in emotion regulation during adolescence. Thus,
depending on the context, heightened VS activation may  be
both  a vulnerability as well as a protective factor. Perhaps
only  when involved in risky behaviors (e.g., Chein et al.,
2010)  or personal rewards (e.g., Galvan et al., 2007) is VS
activation maladaptive. In contrast, when directed toward
 is associated with longitudinal declines in risk taking behavior. Note: x,
tterplot, parameter estimates of signal intensity were extracted for each
al Cogni
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ositive, prosocial rewards (e.g., current study) or oppor-
unities to engage in emotion regulation (e.g., Pfeifer et al.,
011),  heightened VS activation is adaptive.
Interestingly, VS activation to prosocial behaviors did
ot  predict risk taking behavior at Time 1 even though
ime 1 and Time 2 risky behavior were correlated. We
id  not ﬁnd a normative increase or decrease in risk tak-
ng  from T1 to T2; some adolescents’ risk taking increased
hereas others’ decreased. Together, our ﬁndings suggest
hat  adolescents’ risky behavior is changing in meaningful,
redictable ways: only for adolescents who showed greater
ctivation in the VS when contributing to their family com-
ared  to gaining personal rewards showed declines in risk
aking  behavior over time. The ability to prospectively pre-
ict  future engagement in risk-taking behaviors based on
dolescents’ current neural sensitivity to rewarding behav-
ors  can have profound effects on our ability to develop
nd implement individualized prevention programs, which
ave  been shown to produce greater behavior change than
eneral,  one-size-ﬁts-all programs (McLeod and Shantz,
002).
This  study is signiﬁcant in light of a growing trend in
euroimaging research to move beyond brain mapping and
tatistical  association to actual prediction of behavior (Falk
t  al., 2010). Traditional neuroimaging research has typ-
cally  used behavioral measures as regressors to predict
esponses in different brain regions. In other words, are
eural  responses modulated by individual traits? Advances
n  neuroimaging have begun to use neural activation to pre-
ict  behavior either concurrently (Haxby et al., 2001) or in
he  future (Soon et al., 2008; Falk et al., 2010, 2011; Masten
t  al., 2011), allowing researchers to examine whether
here are neural markers or precursors of future behav-
ors  or feelings. For instance, Masten et al. (2011) found
hat  increased activation in the subgenual anterior cingu-
ate  cortex (subACC) during experiences of peer exclusion
redicted longitudinal increases in depressive symptoms
mong adolescents. Thus, responsivity of the subACC may
e  a neural risk factor for depression. Similarly, Falk et al.
2010)  found that activation in the medial PFC in response
o  ads designed to help smokers quick smoking predicts
eductions in smoking behavior above and beyond adults’
elf-reported intentions to quit smoking. We  build upon
his  research and show that neural activation can predict
hanges in risk taking behavior over the course of a year,
nd  this neural activation is even more predictive than self-
eported  values and intentions to engage in that behavior.
y  measuring VS activity in the moment as participants
ngaged in prosocial behaviors to their family, we were
ble  to predict changes in participants’ risk taking behav-
ors  above and beyond their own self-reported values and
ntentions.
Our  results suggest that ﬁnding ways for adolescents to
irect  motivations and passions toward positive behaviors
an  have lasting implications for their health. Thus, par-
nts,  teachers, and practitioners should help adolescents
hannel their emotions into positive behaviors, such as
rosocialality. In addition, future research should examine
ow  other meaningful activities in adolescents’ lives, such
s  participating in community service, engaging in positive
eer  relationships such as academic clubs, and religioustive Neuroscience 3 (2013) 45– 52 51
engagement can similarly reduce risk taking among diverse
adolescents. Identifying the behaviors that are the most
meaningful and rewarding for each individual adolescent
will have the greatest impact on their health.
In conclusion, adolescents are inclined toward novelty
and excitement, and passions are ignited (Dahl, 2004).
Indeed, much research has documented how these new
and  intense emotions can create vulnerabilities for ado-
lescents, leading to maladaptive behaviors. In contrast,
little research has examined how these passions can cre-
ate  opportunities for adolescents to channel their emotions
into  positive goals and behaviors. Our ﬁndings are among
the  ﬁrst to suggest that heightened reward sensitivity can
be  positive for adolescents, reducing risk taking behaviors
over time. If adolescents direct their emotions and moti-
vations toward positive, goal-directed behaviors, such as
prosocial  activities, reward sensitivity can be an asset.
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